Background/Aims: Vascular muscularity is a key event in vessel remodeling during pulmonary artery hypertension (PAH). Endothelial-mesenchymal transdifferentiation (EndMT) has been
Introduction
Pulmonary arterial hypertension (PAH) is a malignant disease that can result in significant morbidity and mortality, with hypoxia known to be a contributing factor in the development of PAH pathogenesis. Chronic hypoxia is therefore a well-characterized experimental model for PAH and pulmonary vascular remodeling (PVR). Pulmonary vessel muscularization is a key event that results from increased numbers of pulmonary artery smooth muscle cells (PASMCs), leading to vascular remodeling and the onset of PAH. The increase in PASMCs can originate from increased proliferation, as well as other components, such as fibroblasts [1] [2] . Recently, endothelial cells were shown to contribute to vascular remodeling though their transformation into mesenchymal or SM-like phenotype cells that then migrate into their underlying tissues. Other studies also indicated that endothelial cell transformation can occur in adult life during a number of diseases, including PAH [3] , atherosclerosis [4] and wound healing [5] .
Galectin-3 (Gal-3) affects the pathogenesis of many diseases, including heart failure and arteriosclerosis [6] [7] . It belongs to a family of β-galactoside-binding lectins and plays an important role in cellular physiological and pathological processes, such as cell proliferation, adhesion, differentiation, angiogenesis, inflammation and fibrosis, all of which are important for the development of vessel remodeling and stiffness. Gal-3 has been shown to stimulate PASMC proliferation and fibrosis in PAH [8] [9] . Additionally, Gal-3 inhibition alleviated the hypoxia-induced inflammatory response in PAEC and PASMC proliferation in humans [10] . However, the role of Gal-3 in pulmonary artery muscularization and PVR is uncertain. Thus, we wanted to explore whether Gal-3 was necessary for endothelial cell transformation in a rat model of PAH.
In this study, we investigated the role of Gal-3 expression in PVR of hypoxic rat PAH models. We further explored the possible mechanisms of Gal-3 function during the conversion of cultured endothelial cells into smooth muscle-like cells under hypoxic conditions.
Materials and Methods

Reagents
Galectin-3 was purchased from BioVision (San Francisco, USA). The Cycle TEST PLUS DNA Reagent Kit was obtained from BD Biosciences (Bedford, MA). DAPT and N-Lac were obtained from Selleck (Houston, USA). Anti-Galectin-3, α-SMA, Jagged1, activated Notch1 and LC3A/B were purchased from Cell Signaling Technologies (Boston, USA), anti-Calponin and Osteoponin were obtained from BOSTER (Wuhan, China), and anti-SRF and MyoD were purchased from Proteintech (Wuhan, China). All primers and oligo nucleotides used in this study were synthesized by GenePharma Co., Ltd. (Shanghai, China).
Lung Tissue Preparations
Human lung specimens were obtained from Harbin Medical University Fourth Affiliated Hospital. Surgical interventions (lung transplantations, pulmonary lobotomy, or pneumonectomy) for PAH as well as other localized lung diseases were performed under the procedures approved by the Harbin Medical University Ethics Committee for the Use of Human Samples. Human lung specimens obtained from lobotomy or pneumonectomy of localized lung cancer were used as controls.
Male Wistar rats were provided by the Experimental Animal Center of Fujian Medical University, China. The use of animals was in accordance with the Guidelines and Principles of Laboratory Animal Care and Protocols of the Animal Care Committee of Fujian Medical University. Rats were exposed to normal and hypoxic environments with fractions of inspired O 2 (FiO 2 ) at 0.21 and 0.10, respectively. Rats were housed in the same room for 21 d and then anesthetized prior to removal of the lungs, which were used for the following experiments.
Hemodynamic Evaluation
Rats were anesthetized, fixed and their right external carotid veins were stripped. PE-50 tubes were filled with heparin saline and connected to a pressure transducer that was then inserted into the right external carotid vein. Intubation was carried out to position the tube within the rat heart for physiological observation and was followed by immediate attachment of a 1.2 French pressure catheter. The baseline increase in the pulmonary artery pressure waveform stabilized before the Ppa levels were measured using a physiological recorded display.
Ultrasound Biomicroscopy InviVue
Rats were anesthetized and imaged using the Vevo 2100 Imaging System (Visual Sonics Inc., Toronto, Ontario, Canada) fitted with a 30 MHz probe [11] . Stable images were obtained in the M, B, and Doppler modes, and the pulmonary arterial velocity time integral (PA-VTI) and pulmonary artery acceleration (PAAT) were measured.
Hematoxylin-eosin (H&E) Staining
Rat and human lung tissues were immersed in 4% paraformaldehyde for fixation and then sliced into tissue blocks. Tissues were dehydrated, cleared and embedded in paraffin wax. The wax blocks were cut into 3-5 mm thick sections. The morphologic changes in the vascular lung tissues were analyzed. The tissue sections were dried at 65 °C and then were deparaffinized and rehydrated in graduated xylene and alcohol, respectively. The sections were stained with hematoxylin and eosin for 3 min and then dehydrated using a standard protocol with increasing percentages of alcohol, xylol, and balsam, as previously described [2, 12] .
In situ Hybridization (ISH)
In situ hybridization was performed to detect Gal-3 mRNA using the Galectin-3 ISH Detection Kit. Briefly, rats were killed, and their lung tissues were immediately dissected and fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2-7.6) with 0.1% DEPC. Tissues were sliced into tissue blocks, dehydrated, cleared and embedded into paraffin wax blocks, which were then cut into 3-5 mm thick sections. Tissue sections were dried at 65 °C and then deparaffinized and rehydrated using graduated xylene and alcohol, respectively. Endogenous peroxidase activity was blocked with 30% H 2 O 2 and distilled water with 0.1% DEPC (1:10). Sections were treated with 3% citric acid and fresh diluted pepsin at 37 °C for 30 min to expose mRNA fragments. Sections were then fixed in 1% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2-7.6) containing 0.1% DEPC for 10 min at RT. After the sections were washed, prehybridization solution was added to each section in a wet box with 20 ml of 20% glycerin for 4 h at 42 °C. Samples were then incubated in hybridization solution overnight at 42 °C.
The target mRNA gene sequences of rat Gal-3 that were used in this study are as follows: 5'-CTTCCACTTTAACCCCCGCTTCAATGAGAA-3', 5'-AATAAATGGGGAAGGGAAGAAAGACAGTCA-3', and 5'-AAACCATTCAAAATACAGGTCCTGGTTGAA-3'. The next day, sections were washed with 2X SSC for 10 min and 0.5X SSC for 15 min, blocked at 37 °C for 30 min, and then incubated with rat biotin anti-digoxin at 37 °C for 60 min. Sections were washed with PBS, incubated with SABC at 37 °C for 20 min and then incubated with biotin peroxidase for 20 min at 37°C. Next, sections were visualized with 3, 3-diaminobenzidine (DAB) and counterstained using hematoxylin. Finally, hydrochloric acid alcohol differentiation and dehydration were performed on each of the sections.
Cell Culture
Pulmonary artery endothelial cells (PAECs) were purchased from ATCC Inc. Cells were cultured with DMEM containing 15% FBS, with passages 3-5 used in later experiments. Cells were cultured in a humidified incubator (Thermo Fisher, Runcorn, Cheshire, UK) with 5% CO 2 at 37°C for normoxic conditions. A Tri-Gas incubator (Heal Force, Shanghai, China) was used to provide an atmosphere of 3% O 2 , 5% CO 2 and 92% N 2 for hypoxic culture [2, 12] . 
Immunofluorescence Assay
Frozen sections or cells were plated in six-well glass chamber slides, and cell growth was arrested as described previously [2, 12] . Briefly, tissues or cells were fixed with 4% paraformaldehyde and blocked. These slices were treated with 0.3% Triton and then incubated with Calponin and Osteopontin, α-SMA or CD31 (1:100) antibodies overnight at 4°C. Antibody staining was performed with Alexa 488-conjugated goat anti-rabbit IgG and anti-mouse IgG (1:100) at RT in the dark for 2 h. 4',6-Diamidino-2-phenylindole (DAPI) was used to stain cell nuclei, and images were obtained using a Live Cell Station (DMI6000B, Leica, Germany).
MTT
PAECs were cultured in a 96-well plate (at a density of approximately 1 × 10 4 cells) and then treated with or without Gal-3 (5 µM) for 7 d in DMEM containing 3% FBS. 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) was used to measure cell viability using the standard method as previously described [12] [13] .
Cell Cycle and DNA Analyses
PAECs were treated with or without Gal-3 (5 µM) for 7 d. We used the Cycle TEST PLUS DNA Reagent Kit to examine cell cycle alterations as previously described [2, 12] .
Transient Cell Transfection
To knockdown Gal-3, MyoD and SRF, PAECs were transfected with small interfering RNAs, which were designed and synthesized by GenePharma using HieffTrans PAECs were starved with DMEM without serum for 24 h before treatment. Five microliters of HieffTrans TM Liposomal Transfection Reagent was diluted into 50 μl of serum-free Opti-MEMI medium, and the solution was allowed to stand for 5 min. One hundred picomoles of siRNA was then dissolved into 50 μl of serum-free Opti-MEMI medium, and this mixture was mixed for another 20 min at RT. The cell medium was replaced with DMEM, and the siRNAs and transfection reagent were added to the cells and allowed to incubate for 6 h. Controls were prepared in the same way using transfection reagent alone (mock) and siRNC. The transfection medium was discarded, and cells were cultured in DMEM containing 3% FBS with Gal-3 (5 µM) for 48 h. Protein levels were determined using Western blot analysis.
Real-time PCR
After appropriate treatment, total cellular RNA was isolated from PAECs using TRIzol according to the manufacturer's instructions (TaKaRa). Gal-3 and β-actin levels were quantified using a qRT-PCR detection kit (TaKaRa) and then subjected to real-time PCR with SYBR Green I. The amplification was carried out using an Applied Biosystems 7300 real-time PCR system (Applied Biosystems) as described previously [2] . The primer sequences were as follows:
Galectin-3-F: 5'-CCTTCCGGACCACTGAATGT-3', Galectin-3-R: 5'-TGGAAGGCGACATCATTCCC-3', β-actin-F: 5'-TCCGTGACATCAAGGAGAAGC-3', and β-actin-R: 5'-GCACCGTGTTGGCGTAGAG-3'.
Western Blot
For Western blot analysis, total proteins were extracted, and protein concentrations were determined by a bicinchoninic acid protein assay (Pierce, Rockford, IL) with bovine serum albumin (BSA) as the standard. Fifty micrograms of protein from each sample was fractionated on a 10% SDS-polyacrylamide gel as described previously [12] [13] . 
Data Analysis
All data are presented as the means (± SEM). More than two groups of continuous variables were present in this study; therefore, one-way analysis of variance (ANOVA) followed by Bonferroni's or Dunnett's post hoc test was used for multiple comparisons. A two-tailed value of p < 0.05 was considered statistically significant. Data were analyzed using GraphPad Prism 5.0 and SPSS 14.0 software.
Results
Gal-3 regulates pulmonary arterial pressure
To determine the possible role of Gal-3 in hypoxia-induced PAH, the Gal-3 inhibitor, L-Nac (5 mg/d, every other day) was administered to hypoxic rats. After 3 weeks, pulmonary artery pressure signals were monitored continuously on an RM6240 polygraph (Chengyi, China) through a right jugular vein cannulation. The results indicated that hypoxia-induced high pressure in the pulmonary artery was alleviated by L-Nac application compared to untreated hypoxic rats (Fig. 1A) . Using Ultrasound Biomicroscopy InviVue analysis, the results also showed that both PATV and PATVI indexes were ameliorated in L-Nac administered rats (Fig.  1B-D) .
Gal-3 is expressed in PAECs and is involved in PVR
To determine whether Gal-3 was implicated in PVR, lung samples from PAH patients and hypoxic rats were collected and assessed by H&E staining. The results showed that thickened vessel walls were present in both human PAH ( Fig. 2A ) and hypoxic rats (Fig.  2B) , while hypoxic rats treated with L-Nac displayed improved PVR (Fig. 2B) . To localize Gal-3 expression in the lung vessels, ISH was performed on lung tissues from patients with PAH and hypoxic rats. The results showed strong intensity staining for Gal-3 in pulmonary artery intimal and adventitial walls in PAH tissues (Fig. 2C and D) . As shown in Fig. 2E , there was intense staining for Gal-3 in the intimal and adventitial walls of hypoxic rats, while L-Nac weakened this intensity. By contrast, the control rat sections displayed inapparent 
Furthermore, we isolated and tested Gal-3 expression in vessel tissues, and the results indicated that hypoxia can enhance Gal-3 expression, as shown in Fig. 2F . To further determine Gal-3 expression in vessel endothelial cells, we cultured PAECs in vitro. First, Gal-3 protein expression and cellular localization in PAECs were examined by immunofluorescence. As seen in Fig. 2G , there was strong fluorescence intensity of Gal-3 in the cytoplasm after cells were exposed to hypoxic stimulation, whereas Gal-3 was localized mainly to the nucleus in quiescent cells. Cells were collected to measure mRNA and protein expression levels of Gal-3 using real-time PCR and Western blot, respectively. The results showed that hypoxia enhanced both mRNA and protein levels of Gal-3 in PAECs (Fig. 2H and  I ).
The effect of Gal-3 on PAEC proliferation
To determine whether Gal-3 expression would promote PAEC proliferation, cells were treated with human recombinant Gal-3 (5 µM). Cell viability was evaluated by MTT analysis. The results showed no obvious changes in cell viability with Gal-3 treatment (Fig. 3A) . Additionally, the proliferation protein, PCNA, also remained unchanged after cell exposure to Gal-3 (Fig. 3B) . Cell cycle assays revealed a depression of S+G 2 /M phase in Gal-3 treated cells by flow cytometry (Fig. 3C) . Furthermore, cell cycle proteins, Cyclin E and CDK2, were consistently suppressed as shown in Fig. 3D . We also observed that cell nuclei exhibited abnormal transformations after Gal-3 treatment, as seen in Fig. 3E . 
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The effect of Gal-3 on PAEC apoptosis Because Gal-3 did not influence PAEC proliferation, we hypothesized that Gal-3 may regulate cell apoptosis. As expected, Gal-3 increased Bcl-2 and reduced caspase-3 expression but did not have an effect on Alix in PAECs (Fig. 4A-C) . This indicated that Gal-3 protected PAECs from apoptosis to a certain extent. By contrast, we found that Gal-3 promoted LC-3B expression (Fig. 4D ) and enhanced LC-3B fluorescent staining (Fig. 4E) in PAECs, which suggests that Gal-3 could induce cell autophagy.
The effect of Gal-3 on PAEC transdifferentiation
Recently, endothelial cell transformation was reported to be involved in vascular remodeling. Based on the effect of Gal-3 on cell proliferation and apoptosis in our study, we tested our hypothesis that Gal-3 may induce transformation in PAECs. Cells were treated with Gal-3 for 7 d, and the results showed that PAECs differentiated into VSMCs as demonstrated by the expression of α-SMA after treatment with Gal-3 protein (Fig. 5A) . The transformation of PAECs was also confirmed by cell immunostaining. We observed a dramatic increase in the expression of α-SMA in cultured PAECs with Gal-3 stimulation, while quiescent cells had no α-SMA staining (Fig. 5B) . In addition, we observed the expression of Calponin and Osteopontin, other phenotypic marker proteins of smooth muscle cells in PAECs. Further, Gal-3 elevated Calponin expression but not Osteopontin, as shown in Fig. 5C . In agreement, α-SMA and Calponin displayed stronger staining by immunofluorescence in pulmonary artery intimal walls in hypoxic rat samples than in control vessels (Fig. 5D) . Together, these data support the hypothesis that elevated endogenous Gal-3 likely drives endothelial cell transformation into VSMCs.
MyoD and SRF are required for Gal-3 induced α-SMA expression
Transcription factors in the bHLH family act in various differentiation processes, and class I bHLH proteins may activate the α-SMA promoter, as some have reported previously [14] . To determine whether bHLH proteins could enhance α-SMA expression under Gal-3 stimulation, we measured myogenic differentiation 1 (MyoD) expression after Gal-3 exposure in PAECs. The results showed that MyoD expression was increased in Gal-3-incubated cells (Fig. 7A) . As myogenic bHLH proteins have been shown to physically interact with serum response factor (SRF) [15] [16] , we hypothesized that class I bHLH factors might activate α-SMA transcription cooperatively with SRF in our present study. To test this, we determined SRF expression in Gal-3 treated PAECs. As shown in Fig. 7B , there was a greater increase in SRF expression after Gal-3 treatment. To further explore this, we performed experiments using a molecular biology strategy to achieve MyoD and SRF expression knockdown. To demonstrate the participation of MyoD and SRF in Gal-3-induced conversion of PAECs into VSMCs, PAECs were transfected with specific small interference RNAs (siRNAs) against MyoD (siRMyoD) or SRF (siRSRF). PAECs exposed to Gal-3 and transfected with a nontargeting sequence siRNA were used as a control (siRNC). These cells showed a decrease in the protein level of α-SMA, which was similar to that in nontransfected, wild-type PAECs (Fig. 7C and D) . 
Additionally, PAECs transfected with siRNC in the presence of Gal-3 did not show a significant change in the protein level of α-SMA compared with Gal-3 treated cells. These results suggest that Gal-3 facilitates the cooperation between SRF and class I bHLH transcription factors for the regulation of α-SMA transcription and PAECs transformation.
Discussion
Galectin-3, a member of the β-galactoside-binding gene family, is a multifunctional protein implicated in a variety of biological functions, such as proliferation, differentiation, migration and neovascularization. In recent years, Gal-3 was found to promote angiogenesis and tumor growth [15, 17] . Inhibition of Gal-3 reduced atherosclerosis in apolipoprotein E-deficient mice [18] . In addition, Gal-3 has been used as a novel biomarker for better risk stratification in hypertrophic cardiomyopathy and the prognosis of heart failure [1, 19] . Furthermore, it has been demonstrated that elevated Gal-3 can be used as a method to predict mortality in PAH [20] . Our study also showed that inhibition of Gal-3 alleviated hypoxia-induced pulmonary artery pressure and ameliorated PVR. Hypoxia induced Gal-3 expression in the pulmonary vessel adventitia and intima suggests that Gal-3 may control vessels by regulating the activities of fibroblasts and endothelial cells.
The action of Gal-3 is mediated by intracellular Gal-3, especially in the nucleus, or secreted Gal-3 [21] . Secreted Gal-3 regulates cell adhesion and migration through cell-cell and cell-extracellular matrix interactions [16, 22] . Reports have shown that Gal-3 produced by tumors may induce macrophage migration and promote angiogenesis and tumor growth [15] . On the other hand, Gal-3 has been shown to be a component of heterogeneous nuclearribonuclear protein complexes that are used for pre-mRNA splicing as a mechanism to control cell cycling and prevent apoptosis, possibly through interactions with Bcl-2 family members [23] [24] . Previous studies on endothelial cells indicated that Gal-3 stimulated proliferation and angiogenesis [15, 25] . In contrast, we found that Gal-3 depressed PAEC proliferation and lowered cell apoptosis. As several studies demonstrated that endothelial [27] , it would be interesting to explore whether Gal-3 can induce PAECs transformation.
EndMT is increasingly being viewed as an important biological process in development and disease. Endothelial-derived mesenchymal cells may be involved in the development of neointimal lesions in transplant atherosclerosis and restenosis [28] . Epithelial-mesenchymal transition (EMT) was shown to be involved in the development and aggressiveness of tumors [29] [30] . Studies on embryonic avian aortic and human pulmonary vascular development demonstrated that the endothelium itself may be the source of at least some SMCs in the arteries [26, [31] [32] . In this study, we described the endothelial-smooth muscle transdifferentiation in pulmonary artery intima under Gal-3 stimulation, which induced a contractive phenotype as demonstrated by the expression of α-SMA and Calponin but not Osteopontin.
In PAH, the elevation of pulmonary arterial pressure is due to a combination of sustained vasoconstriction and structural remodeling, significant components of remodeling in PAH include medial thickening in muscularized pulmonary vessels, as well as extension of muscularization distally to small pulmonary arteries [33] [34] , both of which are associated with enhanced proliferation [35] and migration [36] of PASMCs. The sources of PASMCs may be proliferation or another type of cell transformation. As we previously reported, the adventitial fibroblasts turned into SMCs under hypoxia exposure [2, 37] . In this study, we demonstrated that Gal-3 is able to induce conversion of PAECs into VSMCs via an EndMT-like process, which may be important to small pulmonary vessel muscularity in PAH.
bHLH members are transcription factors that function in various differentiation processes, as either positive or negative regulators, and play key roles in different developmental events such as neurogenesis and myogenesis [38] . Some have demonstrated a potential role for class I bHLH factors and their inhibitors, Id and Twist, in SM-actin regulation [26] . Consequently, we investigated the effect of MyoD in Gal-3-induced α-SMA expression. Consistent with these reports, α-SMA was activated by Gal-3 enhanced-MyoD in our study.
SRF plays a general role in controlling the expression of multiple SMC genes during differentiation and phenotypic modulation [39] . The activation of the α-SMA promoter may be due, at least in part, to the recruitment and interaction (direct or indirect) of acquired SRF with endogenous class I bHLH factors, which lends further support for a functional cooperation between SRF and class I bHLH factors in the regulation of SM-actin transcription [13, 40] . We found that SRF increased with Gal-3 treatment in PAECs, while after SRF knockdown, Gal-3-induced α-SMA expression was decreased. These results demonstrate that SRF is an important factor in regulating α-SMA expression during the EndMT process.
It is believed that the EndMT process is activated and regulated by various stimuli, transcription factors and signal transduction pathways. To date, Notch signaling pathways have been proven to be key regulators in the induction of EMT and EndMT processes [28, 41] . Notch activation in endothelial cells results in morphological, phenotypical and functional changes that are consistent with mesenchymal transformation. Moreover, it is also known that Jagged1-mediated activation of Notch signaling is important in the induction of EMT [42] . Thus, it would be interesting to test whether Gal-3-induced EndMT is inhibited by a Notch1 inhibitor. We show here that Gal-3 activated the Jagged1 and Notch1 pathways, while DAPT blocked Gal-3-induced transcription factors, MyoD, SRF and EndMT in PAECs.
Conclusion
The results shown here provide evidence that Gal-3 is a crucial factor in inducing PAEC transformation into VSMCs through Jagged1/Notch1 dependent MyoD and SRF expression in this pathological condition. These findings will be useful in improving therapeutic strategies for PVR and PAH.
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